T o meet the requirements for a global terawatt-scale deployment of photovoltaics, further efficiency improvements and cost reductions are necessary. Advanced light-trapping schemes contribute to both objectives simultaneously. By integrating properly engineered photonic nanostructures, sunlight can be trapped within the active absorber layer, thereby enhancing light absorption and thus conversion efficiencies. 1À10 In addition, increasing absorption also allows one to reduce the absorber layer thickness, which impacts production costs and enables the use of less abundant absorber materials and materials with lower carrier diffusion length. The question whether random or periodic photonic nanostructures lead to better light trapping in solar cells is currently hotly debated and remains controversial. 11À19 Here we address this issue in the framework of hydrogenated amorphous silicon (a-Si:H) thinfilm solar cells with absorber layer thicknesses of only 250 nm. These cells rely crucially on advanced light management schemes to achieve high conversion efficiencies as the absorption coefficient of a-Si:H becomes small toward the near-infrared region. A proven approach that has already been successfully employed to increase light trapping in thin-film silicon solar modules on millions of square meters 20 is the growth of transparent zinc oxide (ZnO) electrodes with a random pyramidal texture by means of chemical vapor deposition (CVD). 21, 22 This texture has demonstrated outstanding light-trapping capabilities and has been instrumental in achieving the current certified world-record conversion efficiency for singlejunction a-Si:H solar cells. 23 Here we show that tailored periodic arrays of nanocavities provide excellent light trapping and rival the random pyramidal morphology of state-of-the-art ZnO electrodes. High initial conversion efficiencies of 10.9% are achieved for both morphologies, allowing us to re-address the question of whether periodic or random structures provide the best light trapping at an unprecedented efficiency level. We examine our results in the framework of waveguide theory, which provides valuable insights into the difference in light-trapping mechanism between periodic and random structures. We identify important light-trapping design principles and indicate potential routes to overcome performance-limiting factors in the quest toward the most efficient light-harvesting scheme.
B
Periodic arrays of nanocavities on glass were fabricated using nanosphere lithography (NSL) 24 (see Figure 1a and Methods section for more details). To allow direct experimental comparison between the periodic nanocavity morphology and the random pyramidal morphology, it is important to isolate the influence of the electrode morphology from the influence of the electrode material properties, for example, the band gap, carrier density, and mobility, which affect the transparency of the material. 25, 26 To deconvolute the effect of morphology on light trapping from the material properties, we used our recently developed highfidelity ultraviolet nanoimprint lithography (UV-NIL) technique 9,27À29 to transfer the random pyramidal morphology of state-of-the-art ZnO electrodes onto a transparent lacquer (see Figure 1b) , which behaves optically identically to glass. Details on the deposition of the transparent high-mobility hydrogenated indium oxide (In 2 O 3 :H) front electrodes, the silicon layer stack, and the back contact are given in the Methods section.
RESULTS AND DISCUSSION
Figure 2a,b presents atomic force microscopy (AFM) images of the periodic nanocavity morphology and the random pyramidal morphology, respectively. For a quantitative characterization of the two morphologies, we extracted height and angle histograms shown in Figure 2c ,d from the AFM images. From the height histogram, we see that the nanocavities have a maximum peak-to-valley height of about 150 nm. The randomly sized pyramids have a slightly wider height distribution with maximum heights of up to 300 nm but an average height similar to the nanocavities. The angle histograms for the two structures are similar, but with the nanocavities exhibiting slightly smaller angles. Figure 2c ,d also shows height and angle histograms of suboptimal (over-) smoothed nanocavities, which will be discussed later. Radially averaged autocorrelation functions calculated from the two AFM images are shown in Figure 2e . The oscillating behavior of the autocorrelation function of the nanocavity array is clear evidence for long-range order with periodicity a = 350 nm, which is also apparent from the AFM image in Figure 2a . Although the nanocavities come in domains, the decay of the oscillation amplitude is sufficiently low to ensure that the coherence length of the periodic nanocavity array extends over several wavelengths of light absorbed by a-Si:H. For the pyramidal morphology, no such oscillations are observed and the system is thus considered to be random. The initially lower decay rate of the autocorrelation function for the pyramidal morphology compared to the Figure 3b shows that the pyramidal morphology contains features with a characteristic length scale similar to the nanocavities in Figure 3a . External quantum efficiencies (EQE) measured for these three cells are shown in Figure 3d , as is the EQE of a cell on the suboptimal (over-) smoothed nanocavities, which will be discussed later. The effect of light trapping is manifested as a massive enhancement of the EQE in the red part of the spectrum (above 550 nm) compared to the flat morphology, but the blue and green part (below 550 nm) also benefits strongly from an improved coupling of light into the silicon absorber layer, as the nanotextured interface reduces reflection of light at the glassÀIn 2 O 3 :HÀsilicon interfaces. In terms of short-circuit current density (J sc ), a gain of more than 5 mA/cm 2 (more than 40%) is achieved (see Table 1 for a summary of cell performance characteristics) with the introduction of nanotextured interfaces. A comparison of the EQE (Figure 3d ) of the nanotextured cells reveals that the cavities and pyramids perform almost identically in the blue up to 440 nm and in the red above 640 nm. From 440 to 540 nm, the EQE for the nanocavities shows a slight dip, which is compensated by an improved spectral response from 540 to 640 nm, resulting in a J sc of 17.1 mA/cm 2 for both structures ( Table 1 ). This result clearly demonstrates that, with respect to light trapping, periodic structures may perform at least as well as random structures. We now discuss our results from a theoretical point of view. For a random structure which fully randomizes the incoming light, theory predicts a maximum absorption enhancement of 4n 2 , where n is the refractive index of the absorber material. This is the famous Yablonovitch limit. 30 Yu et al. 31 recently showed that, for a periodic triangular grating, the maximum absorption enhancement can be as high as 8π/ √ 3n 2 ≈ 14.5n 2 .
We emphasize that such a high enhancement factor is only achieved for a single wavelength equal to √ 3/2 times the grating period, but that values above the Yablonovitch limit can be achieved over a broader spectral range. It is also important to note that both limits were derived in the weak absorption limit assuming an absorber layer thickness much larger than the wavelength. For thick absorbers, the guided mode spectrum forms a continuum. However, when the absorber thickness is on the order of the wavelength, as in our case, the discrete nature of the modal structure must be taken into account. 32, 33 Figure 4a presents the guided mode band structure as a function of the parallel component of the wave vector k ) for a flat a-Si:H waveguide calculated by determining the complex poles of the Fresnel coefficients 34 using the experimentally determined values of the complex refractive indices and layer thicknesses. In this diagram, we also show the light lines (or cones in three dimensions) defined by E = pc/n 3 k ) for air, the glass substrate, the transparent conductive oxide (TCO) electrodes (in our case, In 2 O 3 :H at the front and ZnO in the back), as well as a-Si:H. Here E is the energy, p the reduced Planck constant, c the speed of light, and n the refractive index of the respective material. Guided modes of increasing order, labeled by the index m, are found to , and a flat glass reference substrate without light trapping (c), imaged using FIB-SEM. In (c), we also indicate the location of the constituent layers, including the thin p-and n-type doped silicon layers, which do not exhibit sufficient contrast to be distinguished from the intrinsic (i) silicon layer. Corresponding EQE characteristics are shown in (d). For the cells on the optimized nanocavities and the pyramids, the optical reflectance R is also shown (in the form 1ÀR). ARTICLE D extend from the light cone of the TCO to the light cone of a-Si:H. Guided modes are also supported by the glass and the TCO, but because of their large thickness, they form a quasi-continuum and are not shown here. Light incident on a flat waveguide cannot couple to these guided modes. Only radiation modes extending from the energy axis (corresponding to normal incidence) to the light cone of air (representing grazing incidence) can be excited. To couple light into the guided modes, which are characterized by propagation angles exceeding that for total internal reflection, the light must be scattered. As the average height of the nanocavities and pyramids is on the order of or smaller than the absorber layer thickness, we assume for simplicity that the introduction of a texture does not modify the modal structure, which justifies the use of a perturbative point of view.
The difference between periodic and random lighttrapping structures lies in the manner in which they scatter incident light into guided modes. We first discuss the periodic case. The introduction of periodicity divides reciprocal space into Brillouin zones, as shown in the inset of Figure 4a . The first Brillouin zone is centered at k ) = 0. The centers of higher order Brillouin zones are represented by vertical lines in the band structure in Figure 4a . Due to symmetry requirements, light incident along the normal direction will now be able to excite guided modes (marked by white dots in Figure 4a ) with k ) values corresponding to higher order Brillouin zone centers. In fact, light scattered into the second Brillouin zones corresponds directly to the six symmetry-equivalent first-order diffraction peaks of the grating, as can be seen from comparison of Figure 4a ,b, with the latter showing azimuthally averaged scattering intensities as a function of k ) (top scale), which can be related to the wavelength-dependent polar scattering angle θ in silicon via k ) = 2πn/λ 3 sin θ (bottom scale). These curves were determined from the AFM images in Figure 2a ,b via our RayleighÀSommerfeld diffraction algorithm described in ref 35 , as scattering intensities for scattering into silicon cannot be measured experimentally.
For optimum absorption, we have to choose the periodicity in such a way as to maximize the number of excited guided modes in the spectral region of interest. For a-Si:H, this corresponds to the spectral range between 600 and 800 nm shown in gray in Figure 4a . With the first-order diffraction peak of the 350 nm grating at k ) = 4π/ √ 3a, we excite two m = 2 modes at around 700 nm as well as the two m = 3 modes just above 600 nm. Although oversimplified, this model was shown to correctly predict the spectral range where the EQE shows enhancement due to the excited guided mode resonances. 36 Returning to the experimental EQEs in Figure 3d , we indeed observe a relatively sharp additional resonance at 720 nm in the EQE of the (over-) smoothed nanocavity array, which is not observed in the EQE of the flat cell. We identify this resonance with the predicted m = 2 guided modes. A more broad-band enhancement just below 600 nm is also apparent in the EQE, which we identify with the m = 3 modes. Note that this guided mode enhancement is superimposed onto an enhancement already present for the flat cell which is due to interference of radiation modes.
To improve the EQE further, more guided modes must be excited. In particular, one should attempt to excite a set of guided modes, allowing a dense coverage of the spectral region of interest. This is achieved with the help of higher diffraction orders. To increase the amount of light that is scattered into higher order diffraction peaks, one can increase the nanocavity height, as can be seen by comparing the scattering intensity curves of the smoothed and optimized nanocavities ARTICLE in Figure 4b . For the smooth cavities, 4% of the total light is scattered out from the zero-order (specular) peak into the first-order diffraction peak. For the optimized nanocavities, we observe a much higher intensity of the first-order diffraction peaks, but the second and third orders exhibit also increased intensity summing to 48% of the total intensity. Although the intensities of the second-and third-order diffraction peaks are much smaller than that of the first-order peak, their contribution to absorption is believed to be important. Intuitively, in a geometric optical picture, this can be understood by realizing that their propagation angles θ are much more oblique than for the firstorder peak, which increases the path length in the absorber between successive (lossy) reflections at the (diffractive) siliconÀTCO interfaces. In addition, guided modes at higher energy also benefit from a stronger confinement to the absorber layer. Therefore, for the optimized nanocavities, we obtain a much stronger excitation of guided modes by the first-order diffraction peak, but also the excitation of additional guided modes at higher k ) values via second-and third-order diffraction. As these additional guide mode resonances allow a much denser coverage of the spectral region of interest, isolated resonances cannot be distinguished anymore and we observe a strong broad-band enhancement in the EQE of the optimized nanocavities in Figure 3d .
Optimum absorption further requires that coupling of the first (and higher) diffraction order(s) to the continuum of radiation modes is avoided in the spectral range of interest. In other words, one has to avoid scattering light into the escape cone (delimited by the light cone of air) to prevent reflection of light out of the cell. This is achieved by selecting a periodicity whose second Brillouin zone center does not intersect the light cone of air in the spectral range of interest. In our case, we chose an even smaller periodicity (resulting in a larger Brillouin zone) to additionally avoid excitation of guided modes which are confined in the glass substrate or the TCOs. In order to guarantee that all excited guided modes are confined in the absorber, we require that the second Brillouin zone center does not cut the light cone of the TCOs in the spectral range of interest. This is the case for the periodicity a = 350 nm selected for this study. In a geometric optical picture, this condition is equivalent to the requirement that light is scattered into angles sufficiently large that total internal reflection is achieved at the interface between silicon and the TCOs to avoid unnecessary passes through the (parasitically absorbing) TCOs and glass substrate. A slightly smaller Brillouin zone would immediately destroy the confinement to the absorber layer of the m = 3 modes, whereas a slightly larger Brillouin zone would move the second-and thirdorder diffraction peaks out of the spectral region of interest. Therefore, the selected periodicity of 350 nm simultaneously guarantees a dense coverage of the spectral region of interest by excited guided modes confined to the absorber layer, while avoiding coupling to lossy radiation or lossy guided modes.
The maximum possible enhancement of 8π/ √ 3n 2 derived by Yu et al. for the triangular grating is achieved at a periodicity of 2/ √ 3λ. 31 Targeting optimum performance at a wavelength of λ = 700 nm, we should therefore select a periodicity of a 0 = 808 nm.
From Figure 4a , we see that the second Brillouin zone center corresponding to this periodicity, shown as a dashed line in Figure 4a , cuts the air cone much earlier, leading to the excitation of lossy radiation modes below 700 nm. Above 700 nm, first-order diffraction couples light into the guided mode continuum of the glass, which exhibits very low confinement in the absorber. Motivated by this observation, some of us suggested earlier that a lower enhancement limit must apply for absorbers embedded in sufficiently thick dielectric media to support guided modes at these energies. 33 We now discuss the random case. For periods much larger than the wavelength considered, which asymptotically includes the random case, the upper limit for the enhancement factor derived by Yu et al. averages to 4n
2 . The Brillouin zones will be very small in this case, allowing the coupling of light to all guided modes but also to the continuum of radiation modes. This can be clearly seen from the scattering profile of the pyramids in Figure 4b , where we do not observe isolated diffraction peaks anymore but a broad continuum extending to θ = 0. While for the periodic structure coupling of light into guided modes is only possible at particular energies, the random texture distributes light over all scattering angles and is thus able to couple light at any energy. The integrated (nonspecular) scattered intensity for the random pyramids accounts for 84% of the total intensity. Although this value is much higher than for the nanocavities, for which we observed only 48%, both textures result in similar EQEs (Figure 3b ). This can be explained by the observation that, in contrast to the nanocavities, the pyramids scatter a considerable amount of light into small angles (i.e., radiation modes). The addition of these radiative loss channels is responsible for the reduction of the limit from 8π/ √ 3n 2 for the triangular periodic case to 4n 2 for the random case. The 4n 2 limit is achieved for an ideal random scatterer, such as a Lambertian scatterer, whose scattering profile, which is given by a constant factor 1/π, is also shown in Figure 4b . Compared to the pyramids, the Lambertian scatterer scatters much more light into large angles, which underlines the importance of large-angle scattering. A reduction of the maximum achievable absorption enhancement factor for thin-film solar cells must also be expected from the fact that the guided mode spectrum splits into a discrete set of states in a thin ARTICLE www.acsnano.org F absorber. Stuart and Hall 32 observed that a handful of guided modes already lead to a substantial absorption enhancement, which tends asymptotically to the thickfilm limit as the number of modes increases. However, the thick-film absorption limit cannot be achieved with thin absorber layers of only 250 nm. Furthermore, the theoretical limits were derived under the assumption that each excited mode contributes equally to the total absorption. For the periodic case, this is achieved with an ideal Dirac comb grating, which distributes light equitably over its individual diffraction orders. For the random case, this is fulfilled for the ideal Lambertian scatterer. In experiment, we observe reduced scattering intensity at large angles (Figure 4b ). For both periodic and random structures, large-angle scattering can be enhanced by increasing the aspect ratio of the structural features.
Although increasing aspect ratio is beneficial for the optical performance of the cell, this approach is generally detrimental to electrical cell performance because of deviations from layer conformality caused by shadowing during deposition and the formation of morphology-induced areas of porous, low-density material. 37, 38 A trade-off must be found. In our case, this trade-off was achieved by optimizing the morphology of the nanocavities via a hydrofluoric acid etch, while the pyramids were optimized via an argon plasma treatment. Both treatments lead to a smoothening of the morphology, which slightly reduces J sc , but strongly improves the electrical performance, quantified by the open-circuit voltage (V oc ) and the fill factor (FF) (see Table 1 ). In particular, within experimental uncertainties, V oc values as high as on the flat reference cell were achieved on both nanostructured substrates. The reduction of less than 3% in FF of the cells on the nanostructured substrates compared to the FF of the flat cell can be explained quantitatively by the 40% increase in current load due to light trapping resulting in increased Ohmic losses in the TCOs. 9 Although the delicate trade-off between optical and electrical cell performance must be assessed for each morphology individually, it is interesting to note that the performance of the periodic nanocavity and the random pyramid substrate are almost identical such that the current densityÀvoltage (J(V)) characteristics in Figure 5 nearly coincide.
It is important to stress that the ultimate performance metric is cell efficiency. Taking this into account, it is all the more remarkable that both morphologies yield initial efficiencies as high as 10.9%. In particular, this is to our knowledge the highest efficiency ever achieved for an a-Si:H solar cell on a periodic substrate. Note that this value may be further improved for both substrates by suppressing the 4% Fresnel reflection at the flat glassÀair interface apparent in Figure 3d by applying an antireflective coating. 39 
CONCLUSION
Although theory predicts that periodic structures should outperform random textures, as they avoid scattering into lossy radiation channels, we showed here at an unprecedented efficiency level of 10.9% that the performance of state-of-the-art thin-film silicon solar cells is currently limited by the trade-off between optical and electrical performance. One can take advantage of the added optical benefits of periodic structures only if this trade-off can be overcome. Waveguide theory provides an intuitive framework to understand why the chosen period and grating symmetry are efficient. Further efficiency improvements may be achieved by designing scalable morphologies which maximize large-angle scattering via higher aspect ratios but avoid V oc and FF losses. Recent developments in our lab toward morphology-tolerant silicon layers represent a complementary approach for enhancing light trapping without paying the price of reduced electrical cell performance. 40 Further work is also required to derive the theoretical upper absorption enhancement limit for realistic thin-film silicon solar cells, which includes the discrete nature of the guided mode spectrum, the influence of (near-field) scattering distribution, and the effect of mode confinement.
METHODS
Fabrication of Periodic Nanocavity Substrate. Monodisperse silicon oxide spheres with a diameter of 350 nm were synthesized in a modified Stöber process 41 and assembled into a hexagonally closed-packed monolayer on a 0.5 mm thick quartz glass substrate via the LangmuirÀBlodgett method. 42 A detailed discussion of the choice for this diameter, which determines the periodicity a of the array, was given before. The sphere diameter was subsequently reduced slightly via reactive ion etching in a trifluoromethane (CHF 3 )/oxygen (O 2 ) plasma. ARTICLE G Aluminum was then evaporated onto the quartz substrate, using the nanospheres as a mask. After subsequent removal of the nanospheres by sonication in ethanol, the aluminum pattern was used as a hard mask for reactive ion etching of nanocavities into the quartz wafer in the CHF 3 /O 2 plasma. Residual aluminum was removed using an aluminum etching solution, and a buffered hydrofluoric acid etch was used to optimize the surface roughness for cell deposition. Fabrication of Random Pyramid Substrate. First, a 1.8 μm thick ZnO layer with the characteristic random pyramids was grown by low-pressure CVD on a glass substrate. To optimize the morphology for the growth of the cells, the ZnO surface was treated for 4 min with an argon plasma. 43 Then a negative UV-NIL stamp was fabricated by nanoimprinting of the master ZnO texture into a UV-sensitive lacquer, which was spin-coated on a flexible polyethylene naphthalate (PEN) sheet. After curing under UV light and demolding, this stamp was coated with an antisticking layer and used to transfer the positive structure onto a lacquer on a 0.5 mm thick borosilicate glass substrate. More details including a fidelity analysis of our UV-NIL process can be found in refs 9 and 27À29. , resulting in a resistivity of about 5 Â 10 À4 Ω 3 cm, and a sheet resistance of 45 Ω/0 for a thickness of 110 nm was sputtered onto both insulating nanostructured substrates as well as a flat glass reference (Figure 1c ) and covered by a thin sputtered aluminum-doped ZnO layer of thickness 20 nm that served as a protective barrier layer against reduction in the hydrogen-rich plasma during the subsequent silicon layer deposition.
Solar Cell Deposition. Amorphous silicon solar cells were deposited by plasma-enhanced CVD in an industrial reactor with a parallel plate configuration at 200°C. First, a thin p-type nanocrystalline silicon layer (5 nm) was deposited to ensure good electrical contact to the ZnO, followed by a p-type amorphous silicon carbide window layer (10 nm) to boost V oc . Then an intrinsic amorphous silicon absorber layer with a thickness of 250 nm was deposited followed by a n-type nanocrystalline silicon layer (2 Â 5 nm) within which a resistive n-type nanocrystalline silicon oxide interlayer (20 nm) was sandwiched to quench undesired current drains. 40 Back Electrode Deposition. After deposition of a boron-doped ZnO back contact, the cells were patterned to 5 Â 5 mm 2 by liftoff and sulfur hexafluoride (SF 6 ) reactive ion etching. For characterization, a white dielectric back reflector was used, which avoids problems with parasitic plasmonic absorption. 45À47 All silicon and electrode layers were codeposited to allow for direct comparison.
Solar Cell Characterization. V oc and FF were calculated from the J(V) characteristics of the cells, measured with a dual-lamp sun simulator in standard test conditions (25°C, global air mass 1.5 (AM1.5G) spectrum, 1000 W 3 m À2 ). J sc was determined by convolution of the EQE and the incoming photon flux of the AM1.5G spectrum. Optical reflectance (R) measurements on the full cell stacks were carried out on a photospectrometer equipped with an integrating sphere on a larger area of 15 Â 15 mm 2 to improve the signal-to-noise ratio and to minimize the impact of light lost on the sides of the cells.
Substrate Characterization. Substrate morphology was characterized by AFM. Cross sections across the solar cells were milled by FIB and imaged by SEM using a 1.7 kV beam and in-lens backscattered electron detector. For the periodic sample, tomographic methods were used to reconstruct cross-section images precisely aligned to the nanocavity arrays. 48 Determination of Optical Constants. Complex refractive indices, used for the calculation of the guided mode band structure, were measured by spectroscopic ellipsometry complemented by photothermal deflection spectroscopy for the weakly absorbing regions.
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